S U M M A R Y Primary cilia (PC) are solitary, sensory organelles that are critical for several signaling pathways. PC were detected by immunofluorescence of cultured cells and breast tissues. After growth for 7 days in vitro, PC were detected in ?70% of breast fibroblasts and in 7-19% of epithelial cells derived from benign breast (184A1 and MCF10A). In 11 breast cancer cell lines, PC were present at a low frequency in four (from 0.3% to 4% of cells), but were absent in the remainder. The cancer cell lines with PC were all of the basal B subtype, which is analogous to the clinical triple-negative breast cancer subtype. Furthermore, the frequency of PC decreased with increasing degree of transformation/progression in the MCF10 and MDA-MB-435/LCC6 isogenic models of cancer progression. In histologically normal breast tissues, PC were frequent in fibroblasts and myoepithelial cells and less common in luminal epithelial cells. Of 26 breast cancers examined, rare PC were identified in cancer epithelial cells of only one cancer, which was of the triple-negative subtype. These data indicate a decrease or loss of PC in breast cancer and an association of PC with the basal B subtype. This manuscript contains online supplemental material at http://www.jhc.org. Please visit this article online to view these materials. (J Histochem Cytochem 58:857-870, 2010) 
During mitosis, the primary cilium is disassembled and the centrosome organizes the bipolar spindle. PC are typically present in cells that are in the G 0 stage of the cell cycle, but occasionally can be identified in cells in stage G 1 . Therefore, in most normal cell populations in culture, as cells become quiescent, an increasing proportion of the population is ciliated (Plotnikova et al. 2008) . It is not yet clear whether PC have an active part in regulating cell division or are only passively linked with the cell cycle.
Many of the functions of PC, including their ability to sense various aspects of the cellular microenvironment, to regulate planar cell polarity, and to mediate Hedgehog, PDGF, and Wnt signaling, are also functions that play a role in or are altered during carcinogenesis (Schneider et al. 2005; McGlashan et al. 2006; Gradilone et al. 2007; Malone et al. 2007 ). In addition, several ciliaassociated genes, including Gli1, RPGRIP1, and DNAH9, are commonly mutated in breast cancer (Sjoblom et al. 2006; Wood et al. 2007 ). These findings, plus the relationship between PC and proliferation, have led to speculation about the role of PC in cancer development or progression. Although PC have rarely been described by electron microscopy in epithelial cells of the normal human breast, the frequency of PC in specific cell types in the normal breast has not been previously defined, nor has the incidence of PC in human breast cancers (Stirling and Chandler 1976; Lingle and Salisbury 1999) .
PC have been reported to be decreased in cells of several types of cancer, including cancers of the kidney, skin, brain, and pancreas in comparison with their normal cellular counterparts (Han et al. 2009; Moser et al. 2009; Schraml et al. 2009; Seeley et al. 2009; Wong et al. 2009 ). In cancers known to be driven by constitutive activation of Hedgehog signaling, specifically basal cell carcinomas of the skin and medulloblastomas, the PC can function as either enhancers or suppressors of tumorigenesis, depending on the molecular mechanism responsible for activation of the Hedgehog pathway (Han et al. 2009; Wong et al. 2009 ). PC act as enhancers of tumorigenesis when Hedgehog signaling is activated by overexpression of a pathway member that requires PC for optimal function, but PC are tumor suppressors in cancers initiated by overexpression of a pathway member that functions independently of PC.
In this study, we investigated the incidence of PC in a panel of breast cell lines and human breast tissues by immunofluorescence, a method that allows assessment of a larger number of cells and tissue area than the previously utilized transmission electron microscopy. Using this method, we provide new information on the relative frequency of PC in epithelial cell lines and fibroblast cultures derived from benign breast and breast cancer and in different cell types in histologically normal human breast and breast cancer tissues. In addition, we investigated the relationship between the presence of PC and rate of cellular proliferation in epithelial cells derived from benign breast and from breast cancer. Our findings indicate a general loss or inhibition of ciliagenesis in breast epithelium during carcinogenesis and cancer progression and a novel association between the presence of PC and the basal B subtype of human breast cell lines.
Materials and Methods
Cell Lines and Breast Tissues The human breast cancer cell lines MDA-MB-468, MDA-MB-361, ZR75-1, BT474, SKBR3, T47D, MCF7, Hs578T, and MCF10A were obtained from the American Type Culture Collection (Manassas, VA). MCF10AT and MCF10AT3B cell lines were obtained from Karmanos Cancer Institute (Detroit, MI). MDA-MB-231, MDA-MB-435, MCF10DCIS.com, MCF10CA1, and SUM1315 cells were obtained from Dr. Danny Welch [University of Alabama at Birmingham (UAB), Birmingham, AL]. The 184A1 cell line, an immortalized human mammary epithelial cell line (Stampfer and Bartley 1985) , was a gift of Dr. Mike Ruppert (University of West Virginia, Morgantown, WV). MDA435/LCC6 cells were provided by Dr. Donald Buchsbaum (UAB).
MDA-MB-231, MDA-MB-361, MDA-MB-468, Hs578T, MDA-MB-435, MDA435/LCC6, MCF10DCIS. com, MCF10CA1, and MCF7 cells were maintained in DMEM (Cellgro; Manassas, VA) supplemented with 10% FBS (Hyclone; Logan, UT). BT474 and SKBR3 cells were maintained in DMEM/Ham's F-12 (DMEM/ F-12; Cellgro) supplemented with 5% FBS. T47D and ZR75-1 were maintained in RPMI-1640 (Cellgro) supplemented with 10% FBS and 10 mg/ml insulin (Sigma-Aldrich; St Louis, MO). SUM1315 was maintained in Ham's F-12 media supplemented with 5% FBS, 20 mg/ml insulin, and 10 ng/ml epidermal growth factor (EGF). 184A1 was maintained in mammary epithelial basal medium supplemented with MEGM SingleQuot Kit Supplement & Growth Factors (MEM; Lonza, Walkersville, MD). MCF10A, MCF10AT, and MCF10AT3B were maintained in DMEM/F-12 supplemented with 0.1 mg/ml cholera toxin (Calbiochem; San Diego, CA), 10 mg/ml insulin, 0.5 mg/ml hydrocortisone (Sigma-Aldrich), 0.02 mg/ml EGF (Upstate Biotechnology; Lake Placid, NY), and 5% horse serum (Invitrogen; Carlsbad, CA). Cultures of fibroblasts and breast epithelial cells were isolated from normal breast (breast reduction specimens) and breast cancer tissues using a standard dissociation protocol (Stampfer et al. 1980; Sadlonova et al. 2005) , characterized by immunocytochemical staining for vimentin, epithelial membrane antigen, and cytokeratins, and maintained, as previously described (Sadlonova et al. 2005) . The breast tissues for fibroblast and epithelial cell isolation were remnants of diagnostic surgical specimens obtained from UAB Tissue Procurement Facility after Institutional Review Board approval. All breast tissues were examined histologically to confirm the diagnosis of benignity or cancer. All the cell lines were maintained in 5% CO 2 at 37C under humidified culture conditions. Formalin-fixed, paraffin-embedded primary breast cancer tissues with corresponding non-cancerous, histologically normal breast tissue from the cancer resection specimens were obtained from the archives of the UAB Department of Pathology after Institutional Review Board approval. The breast cancer tissues were characterized for estrogen receptor (ER), progesterone receptor (PR), and Her2/neu expression by IHC, as described previously (Talley et al. 2002 (Talley et al. ,2008 .
Immunofluorescence
For immunofluorescence staining of cultured cells, 5 3 10 5 cells were seeded onto cover slips and cultured for the indicated time periods in maintenance medium with and without serum. Cells were washed with PBS, fixed in 3.9% paraformaldehyde for 10 min, and incubated in blocking solution (1% goat serum, 0.1% Triton X-100 in PBS) for 30 min. Cells were then incubated in primary antibodies for 1 hr at room temperature. Primary antibodies used were mouse anti-acetylated a-tubulin (1:4000 dilution, clone 6-11B-1; Sigma-Aldrich), rabbit anti-g-tubulin (1:1000 dilution; Sigma-Aldrich), rabbit anti-Ki-67 (1:500 dilution; Zymed, San Francisco, CA), and a rabbit anti-cytokeratin cocktail (1:100 dilution, cytokeratins 10, 13, 14, 18, and 19; AnaSpec, San Jose, CA). After washing with PBS, cells were incubated with secondary antibodies (donkey anti-mouse Alexa 594 and donkey anti-rabbit Alexa 488; Invitrogen) for 1 hr at room temperature, followed by washing and incubation with 4′,6-diamidino-2-phenylindole (DAPI) (5 mg/ml; Sigma-Aldrich). Slides were mounted with Fluoromount-G (SouthernBiotech; Birmingham, AL). For staining with g-tubulin, sections were pretreated with pepsin, as described below.
For the immunofluorescence detection of PC in formalin-fixed, paraffin-embedded tissues, histological sections (8 mm in thickness) were deparaffinized in xylene followed by rehydration. Immunostaining for pan-cytokeratin, keratin 14, and g-tubulin required antigen retrieval consisting of incubation in 0.01% pepsin (Sigma-Aldrich) in PBS (pH adjusted to 2.0 by 0.01 M HCl) for 30 min at 37C in a humidified chamber. After gentle washing, sections were then treated with 0.05% Tween-20 for 5 min. The remainder of the immunofluorescence staining proceeded as described earlier. The rabbit anti-keratin 14 (AnaSpec) and anti-pan-cytokeratin (NCL-CK p ; Novocastra, Newcastle, UK) were used at 1:150 dilution. Staining without the addition of primary antibodies served as negative controls. To identify the relative frequency of PC in the different cell types constituting the ductulobular units of normal breast, lobular acini, small ducts and terminal ducts and their immediate periductal stroma as well as the interlobular stroma were examined at 10003 magnification for the presence of PC. A minimum of 100 PC were identified per case, and the cell type in which each primary cilium was located was determined by a combination of co-staining for acetylated a-tubulin and pan-cytokeratin or keratin 14 and the location and morphology of the cell. In breast cancer, examination was limited to the confines of the cancer. A minimum of 20 high-power fields (31000) per cancer was searched for the presence of PC, which were then localized to pan-cytokeratinnegative stromal cells or rarely to pan-cytokeratinpositive epithelial cells.
Computer-aided Quantification of PC and Image Processing
To improve the accuracy of determining the frequency of PC in cultured cells, a computer-aided approach was used. Because of the variable, three-dimensional (3D) morphology of PC, they were manually counted in each randomly selected 3400 microscopic field, which was subsequently photographed. ImageJ software [National Institutes of Health (NIH); Bethesda, MD] was used for the calculation of the number of cells (DAPI-stained nuclei) in each microscopic field. DAPI-stained nuclei in that field were captured at the corresponding blue channel. The number of nuclei in a total of 15 microscopic fields per slide (1000-2000 cells) was then used to calculate the percentage of cells with PC. The percentage of cells labeled by Ki-67 was quantified in a similar fashion.
Images were acquired from individual R-G-B channels by an Axioplan 2 microscope equipped with an AxioCam HRC Camera and AxioVision software (Carl Zeiss; Thornwood, NY). The same exposure time was applied during image acquisition for the same target antigen among different cells or time points. Entire images of each of the R-G-B channels were adjusted (i.e., background subtraction, brightness, and contrast) independently with ImageJ (NIH) before image merging using the "RGB merge" function of ImageJ. Identical settings were used for adjustments of images of each target antigen. To compile stacked images on different focal planes, Z-stack images were captured by multidimensional acquisition using the AxioVision imaging system. ImageSurfer (a non-commercial software developed by the University of North Carolina at Chapel Hill, Chapel Hill, NC) was used for the 3D reconstruction from Z-stack immunofluorescence images (Feng et al. 2007) .
Statistical Analysis
Correlation between Ki-67 positivity and the incidence of PC was assessed by Spearman's rank correlation. Differences in percentages of cells with PC and Ki-67 labeling were compared between cell lines using Student's t-test or one-way ANOVA. Two-way ANOVA was used to compare the frequency of PC in the different cell types of the normal breast among different individuals. Significance was defined as p,0.05.
Results
PC Are More Frequent in Epithelial Cell Lines Derived From Normal Breast Than in Epithelial Cells Derived From Breast Cancer To compare the incidence of PC among breast cell lines, we detected PC by immunofluorescence. Antibodies that recognize stabilized acetylated a-tubulin in the axoneme are widely used for the identification of PC. The intensity of staining and morphology of PC stained with anti-acetylated a-tubulin alone are typically sufficient for their accurate identification. However, these antibodies may also bind to centrioles, mitotic spindles, midbodies, and, to a lesser extent, cyto-plasmic microtubules (Piperno et al. 1987; Alieva et al. 1999) . To increase the specificity of our immunofluorescence for PC, we used co-staining for g-tubulin, a specific marker of centrosomes, and acetylated a-tubulin. A primary cilium extends from the mother centriole, which is one of the juxtaposed, paired centrioles of the centrosome, as shown in Figure 1 . This specific colocalization of g-tubulin and acetylated a-tubulin confirms the presence of a primary cilium.
Cells were grown in routine culture conditions in maintenance media with or without serum, or in other medium as specifically indicated, for up to 7 days. Culture conditions that induce cell cycle arrest, including long duration and absence of serum (Wheatley et al. 1996) , were used in an attempt to induce PC assembly. In multiple high-power microscopic fields, the number of PC per field was determined by manual examination. Figure 1 Representative images of primary cilia (PC) in human breast cell lines. PC were identified by coimmunofluorescence for acetylated a-tubulin (red) and g-tubulin (green), markers of the ciliary axoneme and centrosome, respectively. Acetylated a-tubulin antibody also recognizes the centrosome to a variable extent, and there was usually co-localization of a-tubulin and g-tubulin at the centrosome (as shown in T47D cells). In 184A1 and MCF10A, the PC were relatively long and often curved (merged images). In the cancer cell lines, including Hs578T, SUM1315, MDA-MB-435, and MDA-MB-231, PC were shorter and straight (merged images). PC in MCF10AT were similar to MCF10A, but PC were shorter and straight in the more transformed MCF10DCIS. com and MCF10CA1. In T47D cells and in other breast cancer cell lines with no detectable PC, no ciliary axoneme could be observed, only co-localization of a-tubulin and g-tubulin at the centrosome. In all images, nuclei were stained with 4′,6-diamidino-2phenylindole (blue). Bar 5 10 mm.
To count the total number of cells per microscopic field, we used a computer-aided approach, as described in Material and Methods. The percentage of cells containing PC was then calculated. Although the rate of proliferation was generally reduced after growth for 7 days, the majority of cells remained viable. Only adherent cells with intact nuclei were counted. Representative photomicrographs of cultures of MCF7 cells at day 7 are presented in the online Supplemental Figure SF1. PC were readily identified in 184A1 and MCF10A cells (Figure 1 ), both immortalized cell lines derived from benign breast (Stampfer and Bartley 1985; Soule et al. 1990) . We assessed the incidence of PC in primary breast epithelial cells which we isolated from the benign breast of a 62-year-old woman with a history of breast cancer and also found a relatively high incidence of PC (12.7% of epithelial cells were ciliated) (online Supplemental Figure SF2 ). However, PC were found at a lower frequency in breast cancer cell lines. In several breast cancer cell lines, specifically MDA-MB-468, MDA-MB-361, T47D, MCF7, BT474, ZR75-1, and SKBR3, PC were absent. In these cancer cell lines without PC, only co-localization of g-tubulin and acetylated a-tubulin at the centrosome was identified with no ciliary axoneme discernable, as depicted in T47D cells in Figure 1 . PC were identified in Hs578T, SUM1315, MDA-MB-435, and MDA-MB-231 cancer cells (Figure 1 ), but at a lower maximum frequency than in 184A1 or MCF10A cells. Table 1 lists the percentages of cells with PC after culture in maintenance media, with the exception of 184A1, which was grown in DMEM, with and without serum for 7 days. Morphologically, the length and shape of PC differed among the epithelial cell lines, from being long and smoothly curved in MCF10A and 184A1 to straight and short in the breast cancer cell lines (Figure 1 ). Morphological disparity in the length and curvature of PC among different cell lines may reflect an intrinsic difference in the cilia assembly machinery, as well as factors that control and maintain ciliagenesis. PC were most frequently found on fibroblasts which we isolated from normal breast [normal breast-associated fibroblasts (NAF)] or from breast cancer [cancer-associated fibroblasts (CAF)], and their morphology was long and slender, similar to 184A1.
While most of the cell lines were grown in DMEM with and without serum, several cancer cell lines were grown in DMEM/F-12 or RPMI-1640 with insulin for optimal viability. To assure that the use of different culture media was not significantly influencing the frequency of PC among cancer cell lines, we cultured T47D, which lack PC, and Hs578T, the cancer cell line with the highest incidence of PC, in three different media-DMEM, DMEM/F-12, and RPMI-1640 1 insulin-each with and without serum. T47D failed to assemble PC in all three media with and without serum. The frequency of PC in Hs578T varied little among the three media (online Supplemental Figure SF3A ).
Interestingly, the breast cancer cell lines that possess PC all belong to the basal B subtype of breast cell lines. Human breast cell lines can be divided into two major groups, luminal and basal, based on clustering of gene expression profiles, with the basal subtype cell lines being further classified into two groups, basal A and basal B (Neve et al. 2006 ). Basal B cell lines, which include MCF10A and 184A1, are epithelial, but are negative for ER, PR, and Her2/neu. Basal B cell lines also possess some mesenchymal features, including expression of vimentin and a spindled or stellate morphology. Basal B subtype cell lines are typically more highly invasive and migratory in vitro compared with basal A and luminal subtype cell lines (Neve et al. 2006; Blick et al. 2008) . Therefore, PC were found to be present only on those cell lines with a more mesenchymal phenotype, including fibroblasts and the basal B subtype of epithelial cell lines. Of the basal B subtype of breast cancer cell lines, Hs578T has the highest incidence of PC. The Hs578T cell line is unusual in that it was isolated from a carcinosarcoma of the breast, which is a biphasic cancer with both mesenchymal (sarcoma) and epithelial (carcinoma) components (Hackett et al. 1977; Charafe-Jauffret et al. 2006) . Therefore, of the breast cancer cell lines, Hs578T has the most mesenchymal/fibroblastic features and also the highest incidence of PC. In addition, Hs578T is non-tumorigenic in immunocompromised mice (Lacroix and Leclercq 2004) . ). In many cell types, the incidence of PC increases in culture conditions that induce growth arrest, including serum star-vation, long culture duration, and high confluency (Wheatley et al. 1996; Alieva et al. 1999) . Therefore, we speculated that the low frequency or absence of PC in breast cancer epithelial cells in vitro may result from a high rate of proliferation. To address this, we explored the relationship between proliferation and the incidence of PC in breast epithelial cell lines by immunofluorescence staining for Ki-67 and PC. Ki-67 is strongly expressed in stages S, M, and G 2 of the cell cycle and weakly expressed in stage G 1 , but is absent in stage G 0 (Gerdes et al. 1984; Braun et al. 1988; Lopez et al. 1991) . For 184A1, cells were grown for 3-7 days in several conditions: (1) their complete medium (MEM), which is optimized for growth of mammary epithelial cells and contains a variety of growth factors and supplements, (2) DMEM with serum, or (3) DMEM without serum. As expected, PC were localized only to cells that were negative for Ki-67 and, therefore, to cells in G 0 stage (Figure 2A ). In each growth condition, the percentages of cells containing PC or labeled with Ki-67 were determined. The number of PC was higher and proliferation was lower in 184A1 grown in DMEM without serum in comparison to cells grown in either complete medium or DMEM with serum ( Figure 2B ). There was a statistically significant inverse correlation between Ki-67 labeling and the incidence of PC among all the culture conditions and time points (Spearman's rank correlation coefficient r 5 20.77, p50.02).
Similar experiments were performed with MDA-MB-231 breast cancer cell lines in DMEM with and without serum. Although proliferation was lower in serum-free medium (for all three time points combined, t-test, p,0.05) and with increasing duration of culture (for both culture conditions, single-factor ANOVA, p,0.01), there was no statistically significant difference in the occurrence of PC in MDA-MB-231 cells cultured in medium with or without serum or with longer duration of culture ( Figure 2C ). Unlike 184A1, there was no significant correlation between Ki-67 staining and the frequency of PC.
Additional breast cancer cell lines were also cultured in their maintenance medium with and without serum Figure 2 Relationship between the incidence of PC and rate of proliferation in 184A1 and MDA-MB-231. (A,B) 184A1 was cultured in three different media: DMEM without FBS (D S2), DMEM with 10% FBS (D S1), and optimal basal medium with supplements and growth factors (MEM). PC were labeled by anti-acetylated a-tubulin (red) and proliferating cells by anti-Ki-67 (green). (A) PC were located only in non-proliferating Ki-67-negative cells. (B) The incidence of PC (red bars) in 184A1 cells was higher in serum-free conditions (D S2) and with longer duration of culture. Data are the mean and standard error of two independent experiments performed in triplicate. (C) MDA-MB-231 were grown in DMEM with (D S1) and without (D S2) serum. Proliferation (Ki-67 labeling, green bars) was lower in serum-free conditions; however, there was no corresponding statistically significant increase in PC (red bars). Data are the mean of two independent experiments performed in triplicate. Bar: A 5 10 mm.
for 5 and 7 days to determine whether growth limiting conditions and a decrease in proliferation would increase the incidence of PC to the level seen in 184A1 or MCF10A. In the cancer cell lines, in general, the absence of serum had less effect on the rates of proliferation than did the duration of culture. Interestingly, Hs578T cancer cells exhibited the highest frequency of PC at day 5 in the presence of serum when the rate of proliferation was greatest, further underscoring the poor correlation between the rate of proliferation and the incidence of PC in some cancer cell lines. SUM1315 and 231 showed only a modest increase or no change in the frequency of PC with lower rates of proliferation. Furthermore, some of the cancer cell lines (MDA-MB-231, MDA-MB-468, MDA-MB-361, T47D, BT474, ZR75-1, and SKBR3) achieved low rates of proliferation, similar to 184A1, yet the incidence of PC in those cancer cell lines did not reach the relatively high frequency of PC found in 184A1 ( Figures 3A and 3B) . Treatment with the DNA crosslinking agent mitomycin C to produce cell cycle arrest (Lu et al. 2009 ) also failed to induce the presence of PC in T47D cells and had little effect on the incidence of PC in MDA-MB-435 cells (online Supplemental Figure SF3B ). These results suggest that the general low level or absence of PC in cancer cell lines is not caused solely by a higher proliferative activity, but that other, as yet unknown, factors or conditions are also preventing the assembly or promoting the disassembly of PC in the cancer cell lines.
The Incidence of PC Is Lowest in the Most Transformed/ Tumorigenic Cells in Isogenic Models of Cancer Progression
The development and progression of malignancies has been modeled by selecting and establishing isogenic cell lines with escalating degrees of transformation and tumorigenicity. The MCF10 series of cell lines is one such model system. These cell lines are genetically related, all being originally derived from MCF10A cells, and represent the continuum from normal/hyperplastic In growth conditions with serum, the rates of proliferation, i.e., Ki-67-labeling (A), decreased in most cancer cell lines with duration of culture in growthlimiting conditions, whereas the incidence of PC (B) increased only in SUM1315 cancer cells. However, the incidence of PC increased in 184A1 cells with culture duration. (C,D) In growth conditions without serum, the rates of proliferation of the cancer cells was only marginally, if at all, lower than when grown with serum (C) and the incidence of PC changes little with time (D). In 184A1, the rate of proliferation was lower in serum-free medium, particularly at day 7, and the incidence of PC was highest in serum-free medium at day 7. The incidence of PC in the cancer cells never approached the maximum incidence of PC found in 184A1 (at day 7 without serum), even in cell lines with similar rates of proliferation as 184A1 cells. The data presented are the mean and standard error of two independent experiments performed in triplicate. breast (MCF10A), to premalignant breast disease (MCF10AT and MCF10AT3B), to comedo ductal carcinoma in situ (MCF10DCIS.com), and to invasive and metastatic carcinoma (MCF10CA1) (Dawson et al. 1996; Strickland et al. 2000; Hurst et al. 2009 ). We assessed the presence of PC in this series of cell lines by immunofluorescence staining after growing the cells in maintenance medium with serum and without serum for 7 days. In culture conditions with serum, the incidence of PC gradually decreased with increasing degree of transformation of the cell lines. In serum-free conditions, the incidence of PC was higher in the less transformed MCF10A, MCF10AT, and MCF10AT3B cells (14.5% of cells in all three cell lines combined at day 7 in serum-free conditions), but was significantly lower in MCF10DCIS.com and MCF10CA1 cells (1.9% of cells in both cell lines combined, p,0.001, t-test) ( Figure 4A ). The incidence of PC was higher in serum-free, growth inhibitory conditions than in culture conditions with serum in the MCF10AT and MCF10AT3B cells (p , 0.001 for both cell lines, t-test). However, serum-free culture conditions did not increase the frequency of PC in the more transformed MCF10DCIS.com and MCF10CA1 cancer cell lines ( Figure 4A) , even with lower rates of proliferation in serum-free conditions (1% and 0.6% Ki-67 labeling, respectively) than with serum (8% and 10% Ki-67 labeling, respectively). Interestingly, the serum-free conditions did not increase the frequency of PC in MCF10A, as was the case in 184A1 cells. The reason for this is not clear, but the finding suggests that even in "benign" or non-tumorigenic cells, there are factors other than the absence of proliferation that control the assembly or disassembly of PC. To assure that differences in the two media used to culture the cell lines (i.e., MCF10A maintenance media for MCF10A, MCF10AT, and MCF10AT3B and DMEM for MCF10DCIS.com and MCF10CA1) were not responsible for the differences in the incidence of PC, MCF10CA1 was cultured in the MCF10A maintenance medium or DMEM, each with serum. The incidence of PC was similar in the two media (online Supplemental Figure SF3C ). In general, the morphology of the PC also differed between the more and less transformed cell lines. In MCF10AT and MCF10AT3B, the PC were long and curved, similar to those in MCF10A, whereas in MCF10DCIS.com and MCF10CA1, the cilia were shorter and straight, similar to those in other breast cancer cell lines (Figure 1 ).
Another progression model of breast cancer is the pair of cell lines MDA-MB-435 and MDA435/LCC6. The origin of MDA-MB-435 cells has been questioned, with gene expression profiling suggesting that it is of melanocytic rather than breast epithelial origin (Ross et al. 2000) . It has been argued that MDA-MB-435 is actually the M14 melanoma cell line (Rae et al. 2007 ). However, MDA-MB-435 cells secrete milk proteins (Sellappan et al. 2004) , and, importantly, they were shown to have two X chromosomes, whereas the M14 cell line was derived from a man (Chambers 2009 ). Therefore, MDA-MB-435 is not the M14 cell line and (10CA1) were grown in their respective maintenance media with or without serum for 7 days. The frequencies of PC were determined by co-immunofluorescence staining for acetylated a-tubulin and g-tubulin. In culture conditions with serum, the incidence of PC gradually decreased with increasing transformation. Without serum, the incidence of PC was higher in the less transformed MCF10A, MCF10AT, and MCF10AT3B cells (14.5% of cells in all three cell lines combined), but was significantly lower in MCF10DCIS.com and MCF10CA1 cells (1.9% of cells in both cell lines combined, p , 0.001, t-test) Data represent the mean and standard error of two independent experiments performed in triplicate. (B) MDA-MB-435 and its metastatic derivative MDA435/LCC6 (LCC6) were grown in culture conditions with and without serum for 7 days, and the incidence of PC was determined as described earlier. MDA435/ LCC6 cells displayed a significantly lower incidence of PC compared with MDA-MB-435 cells in culture conditions with and without serum (p , 0.05, t-test). Data represent the mean and standard error of two separate experiments performed in triplicate.
has mammary epithelial features. Consequently, we have included MDA-MB-435 in our analysis of breast cancer cell lines. The MDA435/LCC6 cell line was established from spontaneous metastases to the peritoneal cavity of parental MDA-MB-435 cells after they had been inoculated in the mammary fat pads of nude mice (Leonessa et al. 1996) . Similar to the results from the MCF10 series of cell lines, the metastatic derivative of MDA-MB-435, MDA435/LCC6 cells displayed a significantly lower incidence of PC compared with the parental cell line in culture conditions with and without serum after growth for 7 days (p,0.05, t-test) ( Figure 4B ). Similar to other breast cancer cell lines, the percentages of cells with PC did not change significantly in culture conditions with serum vs those without serum, even with lower rates of proliferation for both MDA-MB-435 and MDA435/ LCC6 (12% and 15% Ki-67 labeling, respectively, with serum vs 4% and 6%, respectively, without serum).
Because the more transformed tumorigenic or metastatic cell lines in these two series of cell lines are isogenic to their respective parental cell lines, these results further support a loss of PC during breast carcinogenesis and cancer progression.
PC Are Readily Identified in Epithelial Cells in Normal Breast Tissue
To determine whether our in vitro results were relevant to human breast tissue and breast cancers in vivo, we similarly analyzed histologically normal human breast and breast cancers for the presence of PC by immunofluorescence. We examined the histologically normal breast tissue from five women with breast cancer, who ranged in age from 37 to 73 years. By co-staining the cells with g-tubulin and acetylated a-tubulin, we first confirmed the presence of PC in morphologically normal ducts and lobular units ( Figures 5A and 5E ). To Figure 5 Representative images of PC in histologically normal breast. (A) Coimmunofluorescence for acetylated a-tubulin (red, axoneme) and g-tubulin (green, centrosome) in histologically normal breast tissue reveals multiple PC (arrows) in an acinus of a lobule (merged image). (B) Co-immunofluorescence for acetylated a-tubulin (red, axoneme, arrow) and cytokeratin 14 (diffuse green cytoplasmic staining) allows distinction of lobular myoepithelial cells (green cytoplasm) from stroma and from luminal cells (inner cell layer). The arrow marks a primary cilium on a myoepithelial cell within a lobular acinus. (C) Anti-cytokeratin 14 (green) labels myoepithelial cells of a duct. The large asterisk marks the duct lumen. PC, labeled by anti-acetylated a-tubulin (red, axoneme), are present in a myoepithelial cell (arrow) and in a stromal cell located outside the duct (small asterisk). (D) Anti-cytokeratin 14 (green) labels myoepithelial cells of a duct. The asterisk marks the duct lumen. PC, labeled by anti-acetylated a-tubulin (red, axoneme), are present in a myoepithelial cell (large arrow) and luminal epithelial cell (small arrowhead). (E) A three-dimensional reconstruction was prepared using ImageSurfer software and shows the relationship of the centrosome (green) and ciliary axoneme (red) in a lobular acinus. The inset is a higher magnification of one primary cilium with its centrosome. (F) Co-immunofluorescence of a histologically normal lobular unit for acetylated a-tubulin (red) and Ki-67 (green, small arrows) demonstrates that PC (large arrow) were located in Ki-67-negative, non-proliferating cells. Bar 5 10 mm.
confirm the presence of PC in lobular and ductal epithelium, we used co-immunofluorescence for acetylated a-tubulin and pan-cytokeratin (a marker of both luminal cells and myoepithelial cells) or cytokeratin 14 [a marker specific for myoepithelial cells (Figures 5B-5D) ]. Two layers of epithelial cells are present in the normal breast: an inner, cuboidal, luminal epithelial layer and an outer layer of cytokeratin 14-positive myoepithelial cells. PC were identified in luminal and myoepithelial cells of ducts and lobules (Figures 5B-5D ) and were also present in stromal cells ( Figure 5C ). These stromal cells were identified as intralobular and periductal stromal fibroblasts based on their location, morphology, and absence of cytokeratin staining. Ki-67 staining was also performed on these tissues, and PC were located in Ki-67negative non-proliferating cells ( Figure 5F) .
To determine the relative frequency of PC in each of these cell types, we quantified the cellular location of 100 PC within ductolobular units, including smaller ducts extending from lobular units, per case. After a primary cilium was identified, its cellular location was determined based on co-immunostaining with cytokeratin 14 and the location of the cell containing the primary cilium. We chose this approach, rather than quantifying the number of PC per each cell type, because the histological sections, although relatively thick (8 mM), contain only portions, rather than the entirety, of some cells. The inability to examine the entirety of each cell would have likely underestimated the incidence of PC. However, our approach does bias the results toward those cell types that are more numerous. The distribution of cell types containing PC was similar among each of the five individuals (two-way ANOVA, p50.989, data not shown). The incidence of PC was higher in fibroblasts and myoepithelial cells than in luminal epithelial cells ( Figure 6 ).
PC Are Very Rare in Breast Cancer Epithelial Cells and Are Present Primarily in Stromal Cells in Breast Cancer
Twenty-six breast cancers were examined for the presence of PC by co-immunofluorescence staining for acetylated a-tubulin and pan-cytokeratin. These cancers consisted of infiltrating ductal carcinomas from women ranging in age from 26 to 82 years. Because PC were found only in the basal B subgroup of breast cancer cell lines, we enriched the breast cancers for "triple-negative" breast cancers, which are negative for ER, PR, and Her2/neu (Rakha and Ellis 2009 ). The basal B subtype of cell lines is believed to reflect the clinical triple-negative breast cancer subtype (Neve et al. 2006) . The 26 breast cancers consisted of 8 ERpositive breast cancers, 3 ER-negative and Her2/neupositive breast cancers, and 15 triple-negative breast cancers. In these cancers, the epithelial cell component was marked by staining for pan-cytokeratin. In 25 of the 26 cases, PC were absent in cancerous epithelial cells and were present only in intermingled, cytokeratinnegative stromal cells, identified as stromal fibroblasts by location and cell morphology ( Figure 7A ). However, in one triple-negative invasive breast cancer, rare PC were identified in cytokeratin-positive cancer cells [two PC in 25 high-power fields, ?8000 cancer epithelial cells (0.03%)] in addition to PC located within stromal cells ( Figure 7B ). DCIS was also found in association with three of the invasive carcinomas. These cancers were also immunofluorescently stained for cytokeratin 14 to mark residual myoepithelial cells in DCIS. In each of these DCIS, PC were found in cytokeratin 14-positive myoepithelial cells at the periphery of the DCIS lesions, but not in the neoplastic luminal epithelial cells (Figure 7C) . Therefore, in breast cancer tissues, PC are rare or absent in cancer epithelial cells, but are frequent only in cancer-associated stromal fibroblasts. The only breast cancer in which we found PC in cytokeratin-positive cancer cells was a triple-negative carcinoma, reflecting the association that we observed between the presence of PC and basal B cell lines.
Discussion
Our data indicate a marked decrease or absence of PC in breast cancer epithelial cells compared with normal breast epithelial cells, both in cultured cell lines and in breast tissues. In histologically normal breast tissues, PC were most common in stromal fibroblasts followed by myoepithelial cells [also referred to as basal cells ] and were less frequent in luminal epithelial cells. Breast cancers and breast cell lines can be classified by gene expression profiling into two major subtypes that reflect the luminal and myoepithelial (or basal) cell gene expression patterns, referred to as luminal and basal subtypes. Basal subtype breast cell lines can be further divided into basal A and basal B subtypes, with the basal B subtype exhibiting vimentin expression and a stem cell line expression profile (Neve et al. 2006) . In breast cancer cell lines, PC were identified (although at a relatively low frequency) only in basal B subtype Co-immunofluorescence for acetylated a-tubulin (red, axoneme) and pan-cytokeratin (diffuse green cytoplasmic staining) of an invasive breast cancer. The green cytoplasmic staining marks the cancer epithelial cells. In most invasive breast cancers examined, PC (arrow) were only identified on stromal cells without cytokeratin positivity, which were most often solitary and with an elongate nucleus typical of a stromal fibroblast. (B) Co-immunofluorescence for acetylated a-tubulin (red, axoneme) and pan-cytokeratin (diffuse green cytoplasmic staining) of one invasive breast cancer of the triple-negative subtype exhibited rare PC (arrow) in pan-cytokeratin-labeled cancer epithelial cells. (C) Co-immunofluorescence for acetylated a-tubulin (red, axoneme) and keratin 14 (green cytoplasm, myoepithelium) of ductal carcinoma in situ (DCIS) shows a primary cilium (arrow) on residual myoepithelial cells ringing the DCIS. No PC were identified on the luminal epithelial cells (asterisk) in DCIS. Bar 5 10 mm. epithelial cell lines, whereas they were absent in luminal and basal A subtype cell lines. MCF10A and 184A1 epithelial cells, which possess relatively abundant PC, also cluster with the basal B subtype and express vimentin (Neve et al. 2006; Blick et al. 2008) . In breast cancer tissues, rare PC were identified in cancer epithelial cells only in triple-negative cancer, which possesses a basal phenotype (Rakha and Ellis 2009) . Therefore, these data indicate that the presence of PC is associated with a basal phenotype in the normal breast and breast cancer. The reason that PC were exclusively found in the basal B subtype cancer cell lines is not known. One possible explanation is that the basal B cancer cell lines may have arisen from the neoplastic transformation of a progenitor cell with a basal phenotype and frequent ciliation, perhaps similar to MCF10A or 184A1, and with malignant progression, the incidence of PC decreased. Luminal or basal A subtype cancer cells may have originated from a subset of epithelial progenitor cells with a very low level of PC or without PC. It is also possible that the constellation of molecular features that characterize the basal B phenotype is particularly conducive to PC formation, and, therefore, PC are more frequently assembled in epithelial cells with this phenotype, whether benign or malignant. Whether or not the presence of PC promotes breast cancer development or progression by participating in a particular signaling pathway, such as the Hedgehog pathway, remains to be determined.
Our data also demonstrate a lower incidence of PC in the more transformed and aggressive derivatives of MCF10A (i.e., MCF10DCIS.com and MCF10CA1) and MDA-MB-435 (i.e., MDA435/LCC6) compared with the parental cell lines or less transformed derivatives. These data further indicate that PC are lost during carcinogenesis and cancer progression. Additionally, our data show that the relative absence of PC in breast cancer cell lines is not simply a result of a high rate of proliferation of breast cancer epithelial cells, but is presumably due to an inability, or reduced ability, to assemble or maintain PC. These findings raise the possibility that those breast cancer epithelial cells without PC may lack certain intrinsic mechanisms for ciliogenesis. Our results are similar to findings in renal cell and pancreatic carcinomas, where there was no correlation between the rates of proliferation and the frequencies of PC (Schraml et al. 2009; Seeley et al. 2009 ).
At present, it is not known whether the loss of PC during breast carcinogenesis is causative or simply a consequence of cancer development. Their loss in cancer cells does suggest that PC are important in the maintenance of normal breast tissue homeostasis and raises the possibility that PC have a tumor suppressor function in the breast. In the normal breast, PC were most frequent in fibroblasts and myoepithelial cells, which constitute a cilia-rich fibroblast-epithelial cell interface where there is likely to be active crosstalk between epithelial cells and stroma. The mechanosensory and chemosensory functions of PC may be important in mediating this crosstalk. In addition, PC were found to extend from the apical membranes of some luminal cells into the ductal/acinar lumen. This localization is similar to the presence of PC on the epithelial cells of the renal tubules. In renal tubular cells, bending of the PC by the force of fluid flow within the renal tubule results in an intracellular influx of calcium (Nauli et al. 2003) , and the absence or disruption of PC function in renal tubular cells causes cyst formation, resulting in polycystic kidney disease (Uhlenhaut and Treier 2008) . This has led to the belief that PC are sensors of fluid flow or sheer forces in renal epithelial cells, and this sensory ability is important to the normal development of renal tubules. The PC of cholangiocytes lining intrahepatic bile ducts also project into the ductal lumen and are able to detect osmotic pressure via TRPV4, a [Ca 21 ]-permeable ion channel, and biliary nucleotides via P2Y12 purinergic receptors located in PC (Gradilone et al. 2007; Masyuk et al. 2008) . PC may play similar roles in the breast by sensing mechanical forces or chemical constituents of breast epithelial secretions in acini or ducts, particularly during lactation. Therefore, loss of PC during breast carcinogenesis may prevent breast epithelial cells from sensing and responding to environmental signals, such as secretory products from stromal cells or mechanical forces emanating from ductal contents or the extracellular matrix (Plotnikova et al. 2008) , possibly resulting in changes in the regulation of growth and differentiation that promote cancer development.
In established breast cancers, the presence of PC in CAF may be important for those fibroblast-epithelial interactions that promote cancer progression. In comparison to NAF, CAF exhibit an increased production of type-specific collagens and a variety of growth factors and proteases (Tlsty 2001) . As a consequence, CAF enhance tumor growth, facilitate metastasis, mediate resistance to chemotherapy and hormonal therapies, and promote neoangiogenesis (Horgan et al. 1987; Noel et al. 1993; Muerkoster et al. 2004; Orimo et al. 2005; Shekhar et al. 2007; Ostman and Augsten 2009) . The CAF phenotype is stimulated by paracrine signaling between cancer cells and resident fibroblasts or bone marrow-derived mesenchymal stem cells and is known to be induced by PDGF and Hedgehog ligand, both of which require PC for regulated signaling (Shao et al. 2000; Ishii et al. 2003; Kalluri and Zeisberg 2006; Zeisberg et al. 2007; Bailey et al. 2008; Ostman and Augsten 2009 ). Therefore, PC in established breast cancers may have a role in regulating cancer behavior by their presence on CAF.
In summary, our systematic examination of PC in human breast cell lines, as well as in histologically normal or malignant human breast tissues, indicates that a loss of PC occurs during breast carcinogenesis. Considering the versatility and complexity of this unique organelle, there are likely multiple functional consequences for the absence of PC in breast epithelial cells. With accumulating data demonstrating a decrease in the occurrence of PC in several carcinoma types, the spectrum of ciliopathies may also include epithelial malignancies.
